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ABSTRACT
Rough  microsomes from the  livers  of adult, phenobarbital-treated,  and newborn  rats were
subfractionated  on  a  continuous  sucrose  gradient.  Among the  subfractions  a marked  het-
erogeneity  in  the  distribution  patterns  of some  enzyme  activities  appears.  The  isopycnic
density of the various fractions  in aqueous sucrose  ranges from  1.17  to  1.25. The sedimenta-
tion  coefficients  (so)  in  0.25 M sucrose  lie  between  0.4  X  103 S  and  1.2  X  103 S.  In adult
animals,  the NADH- and NADPH-cytochrome  c reductase  as well as the G6Pase  activities
are much  higher in the slower  sedimenting fractions  than in  the pellet.  The increase  in the
level  of G6Pase  induced  by  fasting  as well  as  the phenobarbital-induced  changes  are  most
prominent  in  the  slowly sedimenting  fractions.  Three  injections  of phenobarbital  have  no
effect  on  the  specific  NADPH-cytochrome  c reductase  activity  in  the pellet,  but  cause  a
significant  increase  of this  enzyme  activity  in  the  light fractions.  In the  newborn  animal,
the NADH-ferricyanide  reductase and  NADPH-cytochrome  c reductase activities are  high-
est  in  the  light fractions.  On  the other  hand,  the  amount of cytochrome  b  is  evenly  dis-
tributed  in  all cases.  Short-term incorporation  of leucine-'4C  and glycerol-3H  in  vivo after
phenobarbital  treatment  shows  contrasting results,  as the former  is increased  and the latter
is  decreased  in  the  slowly  sedimenting  fractions.  Leucine-"4C  incorporation  into isolated,
total  membrane  proteins  is  greater  in  both  phenobarbital-treated  and  newborn  animals
than  in untreated  adults.  The  data  support  a  multistep  model  for  membrane  biogenesis
and  indicate  dynamic  and  individual  behavior  of the different  parts of the rough-surfaced
endoplasmic reticulum.
INTRODUCTION
The  breakage  of  the  endoplasmic  tubular  and
cisternal  system during homogenization  is thought
to  be  the  result  of an  active  pinching  off process
(1).  If the membranes of rough ER,' the membrane
1 Abbreviations  used are:  EM,  electron  microscopy;
ER,  endoplasmic  reticulum;  DOC,  deoxycholate;
PLP,  phospholipid;  RNA,  ribonucleic  acid; NADH,
reduced  nicotinamide adenine dinucleotide;  NADPH,
type  in  the  microsomal  fraction  which  super-
ficially  appears to  be most homogeneous,  in actual
fact  comprise  a  nonhomogeneous  system,  one
would  expect  to  obtain  some  variation  in  vesicle
characteristics  after  homogenization.  Under
reduced  nicotinamide  adenine  dinucleotidephos-
phate;  cyt.,  cytochrome;  red.,  reductase;  G6Pase,
glucose-6-phosphatase;  TCA, trichloracetic acid.
257certain  conditions,  the  membranes  undergo
changes,  i.e.  in  newborn  liver,  where  the spacing  8ml 14000g  supernat"
in  O./  M sucrose
between  ribosomal  groups  is constantly  increasing
with  increasing  time  (2).  Such  a  modification
might  also  result  in  different  vesicle  properties.  3m  1.31  M sucrose
A  subfractionation  of rough  microsomes  is  of
interest  not  only  in  relation  to  the  role  of  these
membranes in  the  synthesis,  discharge,  and trans-
port  of export  proteins,  but  also  because  of  the
integral part this microsomal type plays in enzyme
and  membrane  synthesis.  Therefore,  an  attempt
was  made  to  subfractionate  not  only  the  micro-
somes of adult rat livers but also those of the livers
of  phenobarbital-treated  and  newborn  rats.  In
the  drug-treated  animals,  a decreased  breakdown  FIGURE  S]
of  enzymes  and  membrane  components  (3,  4)  for subtraction
seems  to  be  associated  with de  novo  synthesis  of
enzymes  and  membrane  components  (5,  6),  tion  and  cent
which is  a major  process in  newborn rat liver  (7).  supernate was
A  brief report  of this  work has  already  appeared  the  covering 
(8).  sucrose  at firs
homogenizatic
adjusted  to  cc
MATERIALS  AND  METHODS  weight  of  lv weight  of liw
Animals  carried out at;
the  comparati
Adult male albino rats weighing  -200  g were used.  which were  us
The  animals were  fasted  for  20  hr  before  sacrifice,  tion  coefficien
unless  otherwise  stated.  3-day-old  rats  were  starved  0
° and  1.5
°.
for 14 hr by being separated from  the mother.  During  The  relative
this  period  of  fasting,  the  cage  was  supplied  with  tion  is  necessa
warm  (-35°C)  and  humid  (-90%  relative  tion  of  rougl
humidity)  air.  When  indicated,  phenobarbital  dis-  further subfrae
solved  in  sterile  Ringer's  solution  was  given  intra-  analysis  indica
peritoneally  (8 mg/100 g body weight) once daily.  tween  the  int
contains  both
Fractionations  similar  investi
presence  of roi
PREPARATION  OF  ROUGH  MICROSOMES:  This  final frac
Isolation  of  rough  microsomes  was  performed  ac-  and  -10  15~
cording to Rothschild  (9), with certain  modifications  the  1.31  M suc
found  to be  essential  for our purpose.  Minced  livers  tent  is  in  goo
were homogenized  in  0.44  M sucrose,  2  g/10  ml,  by  microsomes  is(
four strokes  in a  Teflon-glass  homogenizer.  After the  containing a n
first centrifugation at  10,000 g for 20 min, we  diluted  su B FRACI
the supernate  with 0.44  M sucrose  to restore the origi-  SOMES:  An
nal volume.  8  ml of this suspension was layered over 3  containing  rol
ml of  1.31  m sucrose and centrifuged at 105,000 g for 7  above,  was  la
hr, 40 min in a  Spinco Model  L  centrifuge,  rotor  40.  dient  ranging
The upper  0.44  M sucrose  phase,  the smooth  micro-  rough microso
somes  at  the  interphase,  and  1.31  M sucrose  layer  be  layered  on
were removed with a pipette provided with a rubber  density  gradie
aspirator,  and discarded.  The  fluffy  layer just above  ber  (11).  Cent
the pellet was left behind, and after rehomogenization  rotor  (Spinco,
of this layer  together with the pellet  by hand  in 0.44  min with brak
M sucrose,  the tube was refilled with this  sucrose solu-  hypodermic  n
/  S  and  dilution
7"  h  r  ith  aC4  M 
105,0000
65  min
thematic  representation  of  the  procedure
ating  the rough  microsomes  of rat  liver.
rifuged  at  105,000  g  for  60  min.  The
removed,  and  the  pellet  together with
luffy  layer  was  resuspended  in  0.44 
t manually  and  then  by  motor-driven
on  at low speed.  The  final  volume  was
.ntain rough  microsomes  from  I  g  wet
er  in  ml.  All  centrifugations  were
a temperature  slightly  above 0
°. During
vely  brief  centrifugations  at  low  speed
sed  for  measurement  of the  sedimenta-
ts,  the  temperature  was  kept  between
ely  high  sucrose  and  tissue  concentra-
ry  to  counteract  spontaneous  aggrega-
ih  microsomes,  which  would  prevent
ctionation.  Morphological  and chemical
ated  that  the  1.31  sucrose  phase  be-
terphase  fraction  and  the  fluffy  layer
1 rough  and  smooth  microsomes.  A
gation  of  the  fluffy  layer  revealed  the
igh-surfaced  vesicles  almost exclusively.
tion contained  -10  mg protein/g  liver,
7 of the rough  microsomes  remained  in
rose  phase.  This  value  for protein  con-
d  agreement  with  the  data  on  rough
slated by  the  use of a  sucrose  gradient
onovalent cation  (10).
rIONATION  OF  ROUGH  MICRO-
aliquot of 2.3  ml (  g/ml)  of suspension
ugh  microsomes,  isolated  as  described
yered  over  a  continuous  sucrose  gra-
from  0.59  to  1.02  M. This  amount  of
roes is close to the maximum which can
a top  of  this  gradient.  Linear  sucrose
nts were  prepared with  a mixing chaim-
trifugation  was performed  in an SW  25
model  L centrifuge)  at 58,500 g for  60
:e.  Samples  were  withdrawn  through a
eedle  inserted  into  the  bottom  of  the
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resuspended  in  2  ml  of  0.44  M sucrose.  The  above
fractionation procedure is illustrated in Fig. 1.
PREPARATION  OF  MICROSOMAL  MEMBRANES
BY  DOGC:  "Rough  membranes,"  practically  free
from  luminal  content  and ribosomes,  were prepared
by  the  procedure  of Ernster  et al.  (12).  The starting
material for DOC treatment consisted  of isolated total
rough microsomes.
Millipore Filtration
Microsomal  size  was  estimated  with  a  Millipore
filter  as in previous studies  (13).  0.3 ml of appropriate
suspension  was  filtered  by  suction  pump  through  a
Millipore  filter of known pore  size  (Millipore  Filter
Co., Bedford,  Mass.).  3 ml of 0.59  M  sucrose  was used
for  additional  washing.  Measurement  of  the  absor-
bancy  of the filtered  suspensions  at 280  mpu was  em-
ployed  for  estimating  the  amount  of  microsomal
material which passed through the filter.
Determination of Sedimentation Coefficients
In  order to measure sedimentation  velocity, we  set
up  a linear  sucrose  gradient  extending  from  0.25  to
0.5  M over a radial  distance from 5.5  to 9.6 cm  in the
SW 39 rotor  of the Spinco  ultracentrifuge.  De Duve
et al.  (14)  have  demonstrated  that this gradient  cor-
rects  almost perfectly  for the  increase  in sedimenta-
tion velocity  with radial  distance for particles with an
isopycnic  density  similar  to  that  of  mitochondria.
Since the fractions were collected from a gradient,  the
lowest  sucrose  concentration  of which  considerably
exceeded  0.25  M, and  since  attempts  to  concentrate
the suspensions  led  to aggregation,  all fractions were
diluted  to  0.16  M before  layering  on  top  of the  gra-
dient.  These circumstances  as well  as the low protein
concentrations determined the minimal volume of the
samples  which  could  be  used.  Our  experience  indi-
cated  0.8 ml  to be practicable.  The  mid point  of the
sample  layer  (5.18  cm radial  distance  from  the  axis)
was  taken  as  initial  position  in the calculations.  It  is
realized  that  the  final  distribution  pattern  will  be
somewhat  distorted  by  thickness  of the sample  layer.
After  centrifugation,  10-12  fractions  were  collected
through  a hole  at the bottom  of the  centrifuge  tube.
Measurement  of absorbancy  at 280  m  was  used  to
determine the protein distribution.
The  sedimentation  coefficient,  s,  is  defined  by the
equation
in
X2
In
x1
s  - r  (1)
f  co dt
where the integral fC
2 dt is taken over the whole period
of  centrifugation,  including  both  the  intermediate
period  at constant  speed  as  well  as  the  acceleration
and  retardation  periods.  The  particle  displacement
during  acceleration  and retardation  is then  correctly
included in the calculation  (15).  This expression may
be simplified to give
2(X2  - X)
(X 2 + X1) |  W 2 dt
(2)
where  X2  and  X1  are the  final  and  initial  distances
from the axis of rotation in centimeters. The error in-
troduced  by  this  approximation  may  be  neglected
(16).  The  integral fow 2 dt  is  calculated  from  the  ex-
pression:
JFd-  (T +  /3t)N
2 -
_
(T  +  /2)=5se
f1  (T±  1/2/)215
(3)
where  N  is  the total number of rotor turns for the en-
tire  centrifugation  period,  T  the  time  in  minutes
during  which  the rotor  is driven  at full speed,  and  t
the total time in minutes for acceleration  and retarda-
tion  (15).  The  values  of  fW2 dt  for  each fraction  are
given in Table I.
Density Determinations
After  subfractionation  of  rough  microsomes,  ali-
quots  of  the  chosen  fractions  were  layered  without
dilution  over  a  continuous  sucrose  gradient  of  the
appropriate  density range. The  density of individual
gradients was varied according  to the experiment; the
extremes  of the  densities used  were  1.132 and  1.288.
Centrifugation  to  equilibrium  was  performed  in  an
SW 25 rotor at 58,500 g for  16 hr. The position of the
microsomes  was determined  by measurement  of  ab-
sorbancy  at 280  mu of the  consecutive  fractions  col-
lected.
The linearity  of the gradient with the highest den-
sity extending from  1.66  to 2.19 M was checked  before
and after centrifugation for  16 hr at 58,500 g by means
of labeled sucrose.  20 gc  of sucrose-14C  (2 mc/mmole,
New  England  Nuclear  Corp.,  Boston)  in  20 
1 l  was
added  to  the  light  sucrose  contained  in  one  of  the
compartments  of the gradient  mixer.  From  the frac-
tions,  collected  before  and after  centrifugation,  50 A1
was  taken  and  diluted  with  0.5  ml  of water  before
mixing  with  10  ml  of  Bray-solution  (17),  and  the
radioactivity  was  measured  in  a  Beckman  liquid
scintillation  counter.  Fig  2.  shows  the  gradient  to
retain its original linearity after centrifugation.
Incorporation  Experiments
Glycerol-2-3H  (50  mc/mmole)  (The Radiochemi-
cal Centre, Amersham) was diluted in  sterile  Ringer
solution.  10  c/100 g body weight was injected intra-
peritoneally,  and  after  10  min  the  animal  was  de-
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FIGURE  2  Effect  of  centrifugation  on  the  linearity  of  the sucrose  gradients.  The  gradient  extended
from  1.66 to  2.19  M and  was  prepared  by using a light sucrose  solution containing  20  Al of  sucrose-'
4C
(20  Mc).  After centrifugation  in a SW 25  rotor at 58,500  g for  16  hr, fractions  of equal volume  were  col-
lected  through  a  hole  at the  bottom  of  the centrifuge  tube  and  the radioactivity  was  determined  by
liquid-scintillation counting.  Shape  of gradient  (a)  before,  and  (b)  after centrifugation.
capitated and the liver fractionated.  Incorporation  of
glycerol-3H  was found to be linear up to 25 min. The
extraction  and  measurement  of  PLP  has  been  de-
scribed earlier  (2).  Radioactivity  was measured  in a
Beckman  liquid  scintillation  counter,  with  a toluene
scintillator  (18).
DL-Leucine-l-1
4C  (20  mc/mmole)  (The  Radio-
chemical  Centre,  Amersham)  in sterile Ringer  solu-
tion  was injected  intraperitoneally  (3  /uc/100 g body
weight).  8 min later, the rat was decapitated and the
liver subfractionated.  In the total rough microsomes,
the rate of incorporation was found to be linear within
the first 20  min. The fractions were  precipitated with
12%  TCA,  washed  twice  with  5%  TCA,  and  then
dissolved  in  0.2  ml  formic  acid.  Radioactivity  was
measured  after the addition of 10 ml of Bray-solution
(17).  An external  standard  was  used  to  correct  for
quenching.  RNA and PLP were  also removed by  the
Siekevitz  procedure  (19),  as  a  control.  Since  this
procedure  did not decrease  the radioactivity  by more
than 3 %, complete extraction was not performed as a
routine.
When rough microsomal  membranes  were studied,
an in vivo incorporation  period  of 30  min was  used.
After DOC treatment  of the total rough  microsomal
fractions,  the  Siekevitz  extraction  procedure  was
employed,  and  radioactivity  was  measured  as  de-
scribed  above.
Chemical Analysis
Protein was  determined according  to  Lowry  et  al
(20)  with bovine  serum  albumin  as  standard.  RNA
and  PLP were  measured  as  described previously  (2).
In  order to  separate  neutral  lipids from  PLP  when
determining  the  cholesterol  content,  we  passed  the
chloroform  extracts  through  a  silicic  acid  column
according  to  Borgstr6m  (21).  The  total  cholesterol
content was determined in the chloroform phase  (22).
Enzyme Assays
The  activities  of  NADH-ferricyanide,  NADH-,
and NADPH-cytochrome  c reductase  and G6Pase,  as
well  as  the arbitrary  estimate  of cytochrome  b5  con-
tent,  were  determined  as  before  (10).  The  average
enzyme  activities  in the  total rough microsomes from
adult  rats  were  (in moles NADH  or  NADPH  oxi-
dized/min/mg protein):  3.42 for NADH-ferricyanide
reductase,  1.07  for  NADH-cytochrome  c  reductase,
and  0.039  for NADPH-cytochrome  c reductase.  For
G6Pase, the value  was 0.134 moles Pi/min/mg pro-
tein.  In Figs.  12-17,  the  enzyme  activities  were  re-
lated  to protein  content,  measured  as  absorbancy at
280  mp.  All  the  figures  show  representative  results
chosen  from  at  least  five  identical  and  consecutive
experiments.
Electron Microscopy
After  subfractionation  of  rough  microsomes,  we
diluted the upper part of the gradient  (fractions  12-
17)  with a sucrose solution to obtain a final concentra-
tion  of  0.65  M. Distilled  water  was  added  dropwise
with  continuous  stirring  to  fractions  1-11,  deriving
from  the denser  part of the gradient,  to yield 0.65  M.
After  centrifugation  in  an SW  25  rotor  at  51,000 g
for 20 min, the supernate was decanted and the pellets
as  well  as  the  pellet obtained  after  subfractionation,
were  subjected  to  EM  examination.  Because  of the
short  centrifugation  time,  the  free  ribosomes  re-
mained in the supernate, which facilitated  evaluation
of the pellet by  EM. In control  experiments,  the free
ribosomes were sedimented to the pellet by prolonging
centrifugation  to  60 min or by  adding  5 mM  MgC12.
The pellets were fixed in situ by adding 1% osmium
tetroxide solution buffered at pH 7.2 with a phosphate
buffer. After a  15-min fixation,  the pellets  were  care-
fully freed from the bottom of the tubes and fixed for a
further  105  min  at 4  while  floating  in  the  fixation
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lower  parts, were  cut from the pellets,  dehydrated  in
graded  solutions of acetone,  and embedded  in Vesto-
pal W. Thin sections were cut on an LKB microtome
and  mounted  on  Formvar-coated  copper grids.  Per-
forated films were used for high resolution. These were
prepared  by  breathing  on the  surface  of  the  cover
slide  before  dipping into  a 2%  solution  of  Formvar.
Electron  micrographs  were  made  with  a  Siemens
Elmiskop I at magnifications  of 15,000 and 50,000.
RESULTS
Physical Properties
The  distribution  of rough  microsomes  on  the
continuous  sucrose  gradient  after  centrifugation
for  1  hr  is  shown  in  Fig.  3.  A  large  part  of the
material,  -40  %,  remains  in  the  top  fractions,
and  30%  appears in the  pellet. The remaining
part  is  distributed  along  the  lower  part  of  the
gradient. The  microsomal material  was estimated
as  a  routine  by  measuring  the  absorbancy  at
280 mp; a  control estimation  of protein according
to  Lowry  et  al.  (20)  gave  similar  results  under
our conditions.
For  characterizing  the  fractions,  it seemed  im-
portant  to  make  an  estimate  of the  size  distribu-
tion  of the  rough vesicles  taken  directly from  the
gradient  after  centrifugation  by  running  them
through  commercially  available  filters  of uniform
pore  size,  which  had  previously  been  found  very
useful  in  determining  the  degree  of  microsomal
vesicle  aggregation  (13).  On  the  other  hand,
Nirenberg  and  Leder  (23)  have  reported  that
E.  coli ribosomes,  after  incubation  in  a  medium
containing  cations,  are  retained  by  Millipore
filters  with  a  pore  size  greatly  exceeding  the
diameter  of the  ribosomes itself.  Since  our prepa-
rations  contained  ribosomes in  the  free  as  well  as
the  membrane-bound  state,  it was  considered  to
be  of  importance  to  investigate  whether  such
factors  had  any  influence  on  the  results  of  our
filtration  experiments.  Ribosomes  prepared  by
treatment with 0.5%  DOC and afterwards washed
with  0.25 M sucrose  were  preincubated  for  20 min
at  210  in  cation-free  0.25 M  sucrose  as  well  as
in  the medium described  by Nirenberg  and Leder
(23).  Ribosomes  preincubated  in  the  cation-
containing  medium  were  retained  by  the  0.45-p/
filter;  however,  the  ribosomes  from  the  cation-
free  sucrose  solution  completely  passed  the  filter.
Under  our  conditions,  therefore,  the  binding  of
Mg protein
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FIGURE  3  Distribution  of  rough  microsomal  protein
after  density  gradient  centrifugation.  X  X,  mg
of protein per fraction  determined  according  to Lowry
et al.  (0);  ,  ODo .
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FIGURE  4  Millipore  filtration  of  rough  microsomes
after  continuous  sucrose  gradient  centrifugation.  U,
upper  phase  (fractions  16-17);  M,  middle phase  (frac-
tions  11-15);  L,  lower phase  (fractions  1-10).  The last
two fractions,  18  and  19,  were  not  included.  Aliquots
from  the  appropriate  phase  were  filtered  through  the
indicated  filter  by  suction,  and  the  filter  was  washed
with  3  ml  of  0.59  M sucrose.  The  columns  show  the
per cent  of total protein  recovered  in the filtrate.
ribosomes  to  Millipore  membranes  did  not inter-
fere  with  interpretation  of the  filtration  results.
Since  a  0.65-pz  filter  allows  95%  of  the micro-
somal  protein  to  pass,  three  collected  fractions
(Fig.  4)  were  tested  with filter  sizes ranging  from
0.45  to 0.10  u. The  suspended  pellet itself did  not
pass  through  even  the  5.0-pz  filter.  This  aggrega-
tion  was  regarded  as  spontaneous,  caused  by  the
tight  packing of the  vesicles  in  the pellet.  Almost
all vesicles from  the upper  and middle  layers, but
only  -50%  of vesicles  from  the lower  layer,  pass
through  the  0.45-p  filter.  A  smaller  filter  size,
such  as  0.22  ,  still  allows  90%  of  the  protein
from the upper layer to pass,  but now only -50%
of the  middle  and  10%  of the  lower  fractions
appear  in  the  filtrate.  The  Millipore  filtration
data,  therefore,  indicate  a larger  vesicle  size  for
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FIGURE  5  Density  equilibration  of  four  rough  microsomal  subfractions.  After  subfractionation,  the
gradient  was  collected  in  18  fractions.  Aliquots  of  individual  subfractions  were  centrifuged  for  16  hr
at 58,500 g after layering  on continuous  sucrose  gradients.  a, fraction  16;  b, fraction  15;  c,  fraction  2;  d,
pellet. Median  equilibrium  densities  are given in Table I.
those  rough microsomes  which  are located  on the
lower part of the gradient.
Equilibrium distributions of microsomal  protein
taken  from different parts  of the gradient  after  16
hr  of  centrifugation  on  continuous  sucrose  gra-
dients are illustrated  in Fig. 5. Since the modes of
distribution  of  the  two  upper  fractions  a  and  b
are very similar,  the heterogeneous part of fraction
a  (derived  from  the  uppermost  part  of  the  gra-
dient)  may be due to free  ribosomes  or  polysomes
which have  not yet attained  equilibrium.  This  is
the  only  fraction  in  which  a  pellet  is  found,
amounting  to  about  15%  of  the  total  protein.
The  sharp peak  in  the distribution pattern  of the
pellet  (Fig.  5  d)  is  probably  due  to  the  high de-
gree  of aggregation  of the  vesicles. The sedimenta-
tion  velocities  of  four  representative  fractions
taken  from  the  gradient  are  shown  in  Fig.  6.  In
Table  I,  estimates  of size  by  Millipore  filtration
and  electron  microscopy  are  given  as  well  as
equilibrium  densities  and observed  sedimentation
coefficients  of various fractions  from the gradient.
The median equilibrium  densities range from  1.17
to  1.25,  and  the  observed  sedimentation  coeffi-
cients from  0.4-103S  to 1.2.103S  in 0.25 M sucrose
(00).
Chemistry
The  distributions  of  protein,  RNA  and  PLP
on the continuous  sucrose  gradient  are very  simi-
lar,  regardless  of  the  type  of  microsomes  in-
vestigated  (Table  II). The  total values  are  higher
for  phenobarbital-treated  rats  and  lower  for
3-day-old  rats,  as  has  been  described  previously
(6,  2).  The  RNA/protein  ratio  increases  some-
what  from  the  pellet  to  the  upper  parts  of  the
tube.  The  upper  parts  display  high  ratios,  par-
ticularly  in  the  case  of  newborn  rats,  probably
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'~  b  neutral  lipid  content  of rough  microsomal  mem-
branes  is lower than  that  of the smooth  counter-
part  (28).  A  reason  for  the  discrepancy  may  be
that some  part of the rough  microsomes  which  is
in  a  state  of transition  to  the  smooth  form  has a
higher content  of neutral lipids. However,  such a
difference  in  cholesterol  content  is  absent  in  the
fractions isolated by  the procedure employed  here
6  7  8  9  (Table III).  In all subfractions from adult, pheno-
barbital-treated  rats,  and  from  newborn  rats,
,d  the  total  cholesterol  content  on  a  PLP  basis  is
-6%.
7  8  9
FIGURE  6  Sedimentation  velocity  of  four  rough
microsomal  subfractions.  After  subfractionation,  the
gradient  was  collected  in  18  fractions.  Aliquots  of  in-
dividual  subfractions  were  layered  on  a  linear  sucrose
gradient  extending  from  0.25  to  0.5  M over  a  radial
distance  from 5.5  to 9.5  cm as  described  in  Materials
and Methods.  a, fraction  15;  b,  fraction 18;  c,  fraction
9;  d,  fraction  2.  The  conditions  of  centrifugation  and
the  median  distribution  values  are  given  in  Table  I.
because  of the  presence  of  free  ribosomes  in  the
upper  section.  It  should  be kept in mind that the
subfractionations  in question  were all  carried  out
in cation-free  media, which may result in a greater
degree  of detachment  of ribosomes.  Therefore,  at
least  a  part  of  the  free  ribosomes  is  probably
formed  during  the  course  of  fractionation.  The
soluble  protein  content  of  total  microsomes  is
3-4%  of  the  total  protein,  and  may,  therefore,
be neglected.  The PLP/protein  ratio of the pellet
is approximately  the same  as that of the lower and
middle sections of the gradient,  irrespective  of the
experimental  group.  The  PLP/protein  ratios  of
the  upper  fractions,  however,  are  significantly
lower  in  all  three  cases.  For the  newborn,  there
is  a fivefold  decrease  in  the  ratio  on  this  part of
the  gradient. The presence  of free  ribosomes may
again  explain  this  variation.  The  RNA/PLP  for
total  rough  microsomes  is about  1.1.  Both higher
(10,  24)  and  lower  values  (25)  are  given  in  the
literature.
Experimental evidence indicates that the smooth
ER  derives  from  the rough  ER  (26,  27),  yet the
Electron Microscopy
Fractions  from  adult  rat  are  presented  in  the
following  figures.  The upper part of the  gradient
(fractions  12-17)  predominantly  contains  vesicles
with  attached  ribosomes;  smooth  vesicles  appear
occasionally  (Fig.  7).  An  obvious  difference  be-
tween the upper  and the lower parts of the pellet
derived from this fraction  is the  vesicle size,  which
increases  from  the  top  to  the  bottom,  varying
between  50 and  150  m/g.  Also,  the  number  of at-
tached  ribosomes per unit area is somewhat  lower
on the vesicles from the upper fractions. The lower
part  of  the  gradient  (fractions  1-11)  also  has  a
fairly homogeneous  appearance,  since  the compo-
nents are almost exclusively rough microsomal ves-
icles  (Fig.  8).  There  is  much  variation  in  vesicle
size,  100-350 mi. The purity of the third fraction,
the pellet,  is of great  interest,  since several  micro-
somal enzymes  display a low specific  activity here.
Mitochondria,  either  intact  or  damaged,  very
seldom  appear at any  level  of the pellet  (Fig.  9),
also  indicated  by  parallel  measurements  of  cy-
tochrome  c  oxidase  activity.  Occasionally,  some
lysosome-like  structures are visible. But  as a whole,
this  fraction,  like  the  other  two,  is  composed  of
vesicles  with  attached  ribosomes.  The  rough
microsomes  display  much variation  in  size,  rang-
ing  from  100  to  300  mp.  After  embedding  the
material  by  the  procedure  employed  here,  only  a
small  scattered  amount  of  luminal  content  is
discernible  in  all  the fractions.  The  short centri-
fugation  time  for  the  first  two  fractions  before
fixation  resulted  in  clearer  pictures  by  preventing
sedimentation of free ribosomes.  If the centrifuga-
tion time  is  prolonged,  or  if MgCI2 is  added,  the
fraction  originating  from  the  upper  part  of  the
gradient contains a large number of free ribosomes
(Fig.  10), which is in agreement with the chemical
findings  (Table  II).  A  closer  investigation  of
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ITABLE  I
Physical Properties of Rough Microsomes
The gradient was  collected in  18 fractions.  p,  =  median  value  of equilibrium  density in  aqueous
sucrose;  r,v(F)  =  the approximate  average radius  of the vesicles  as  obtained  from  Millipore  filtra-
tion; r,,(EM)=  maximum radius of vesicles  as seen  on  the  electron  micrograph;  fc,2  dt  =  condi-
tions of centrifugation taken over the whole period of centrifugation,  including  both the  intermediate
period at constant  speed and the periods  of acceleration and retardation; X 2 =  final  position  of the
microsomal  vesicles  (median distribution) in cm from axes of rotation.  The initial  position  (X 1) was
5.18  cm from the  axis of rotation in all cases.  so  observed  =  observed  sedimentation  coefficient  (0
°)
in 0.25  M  sucrose in Svedberg units.
pe  ra(F)  rmax(EM)  fcc
2
dt  X2  so observed
g 
g
secI
- 1
cm  S
Pellet  1.246  - 0.150  - - -
Fraction  2  1.232  1  1  2.427  109  6.92  1.19.103
10.225  /0.175
Fraction  9  1.211  1
Fraction  13  121  2.717  109  6.75  0.97  103
2.717  109  6.44  0.80-103
Fraction  15  1.173  j0.110  i0.075  2.717  109  6.10  0.61-103
Fraction  16  1.179*  0.075  5.775  109  6.59  0.42'103
* Medium equilibrium-density  is 1.179. The modal  (peak)  density, however,  is 1.172  (see Fig.  5 a).
membrane  structures  does  not  reveal  significant
differences  among membranes  recovered  at various
parts of the gradient.  All vesicles  are delimited  by
a  "unit  membrane"  structure,  exemplified  in
Fig.  11.
When  rough  microsomes  from  phenobarbital-
treated  (3  X  8  mg/100  g  body  weight/day)  and
3-day-old  rats  are  subfractionated,  the  electron
microscopical  findings  in  all  fractions  are  the
same  as for the  adult rat.
Enzymes
Recovery  data  for  the  three  enzyme  activities
measured  are  shown in Table IV. The recovery  of
G6Pase  and  NADPH-cytochrome  c  reductase
activities are  approximately equal  to or in excess of
90%  both  after isolation  according  to  Rothschild
and  after  subfractionation  of  the  rough  fraction.
In  the  case  of  NADH-cytochrome  c  reductase
activity,  the  recovery  was  less  satisfactory,  in-
asmuch  as  about  15 % was  lost  in  the  first  and
about  20%  in the  second  step. The  lability of the
latter enzyme  is well documented  (12).
ADULT  RATS:  The  NADH-  and  NADPH-
cytochrome  c reductase  activities  in  the  adult rat
display  an  uneven  distribution  (Fig.  12).  Both
enzyme  activities  associated  with the top fractions
are  three  to four  times  higher  than  those  present
in the pellet  or at the  lower part of the gradient.
The  distribution  of NADH-ferricyanide  reductase
activity  is  the  same  as  that  of  the  NADH-cyto-
chrome  c reductase  (not shown  in figure).
Unlike  the  activity  of  microsomal  electron-
transport  enzymes,  G6Pase  activity  is  known  to
increase  in  starved  rats  (30).  The  actinomycin  D
and  puromycin  sensitivity  as  well  as the  first  ap-
pearance  of  the  increase  in  G6Pase  activity  in
the  rough  microsomes  suggests  de  novo  synthesis
of the  enzyme  during  starvation  (31).  When  the
rough  microsomes  from  nonfasted  rats  gave  the
same  protein  distribution  on  the  gradient  as  did
the  microsomes  from  starved  rats  (see  further
under  Fasting  and  Feeding),  the  G6Pase
specific  activities  were  compared  (Fig.  13).  In
spite of the fact that the  G6Pase  activity  of micro-
somes  from  fasted  rats  is  much  higher  at  the
upper  part  of the  gradient  than  it  is  in  compar-
able  preparations  from  nonfasted  animals,  the
enzyme  activities  of the  pellets  are  identical.
PHENOBARBITAL-TREATED  RATS:  Fig.  14
and  Fig.  15  show  the  distribution  of  the  relative
specific  activities  of  NADH-  and  NADPH-
cytochrome  c reductase  as well as of G6Pase  of the
different  subfractions  after  phenobarbital-treat-
ment for  3 and  6 days, respectively.  In a compari-
son of the specific activities of NADPH-cytochrome
c  reductase  of  the  fractions  of treated  and  non-
treated  rats  (Fig.  16)  it  is  evident  that  short
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Distribution  of  Protein, RNA,  and PLP in Rough Microsomes
Microsomes
Adult, total
Pellet
Fractions  1 9
Fractions  10-14
Fractions  15  17
Phenobarbital-treated,  total
(3  X  8  mg/100 g)
Pellet
Fractions  1-9
Fractions  10-14
Fractions  15  17
RNA  PLP
Protein  RNA  PLP  Protein  Protein
mg
22.0
6.1
4.4
6.2
4.3
mg*
5.67
1.26
0.96
1.63
1.41
mg*
5.08
1.42
1.04
1.42
0.68
0.26
0.21
0.22
0.26
0.33
0.23
0.23
0.24
0.23
0.16
26.1  6.40  5.73  0.25  0.22
6.5
5.4
8.0
4.5
1  .33
1.09
1.91
1.48
1.59
1.35
2.00
0.64
0.20
0.20
0.24
0.33
0.24
0.25
0.25
0.14
3-day-old,  total
Pellet
Fractions  1 9
Fractions  10-14
Fractions  15-17
* Per  gradient  (rough  microsomes  from  2.3  g liver).
TABI
Distribution of T
Rough  A
Microsornes
LE  III  phenobarbital  treatment  (3  X  8  mg/100  g body
rotal Cholesterol in  weight/day)  restricts  the  increase  of  NADPH-
ficrosomes  cytochrome  c reductase  activity  to  the  top  frac-
tions  alone.  Prolonged  phenobarbital  treatment
PLP  Cholesterol  Cholesterol/  (6  X  8 mg/100  g  body  weight/day)  elevates  the
PLP
NADPH-cytochrome  c  reductase  activity  still
Adult,  total
Pellet
Fractions  1-11
Fractions  12-17
Phenobarbital-
treated, total
(3  X  8 mg/100
g)
Pellet
Fractions  1-11
Fractions 12-17
3-day-old,  total
Pellet
Fractions  1-11
Fractions  12-17
mg*  mg*  further,  but  the  peak  becomes  broader  and  an
5.28  0.329  0.062  increase  is  apparent  both  at the lower  part of the
1.55  0.104  0.067  gradient and in the pellet.  Although the NADPH/
1.28  0.079  0.062  NADH-cytochrome  c  reductase  activity  remains
2.01  0.127  0.063  unchanged  in the  pellet after short phenobarbital
treatment,  this  ratio  is  almost  doubled  in  the
6.27  0.403  0.064  microsomal  fractions  at  the  top  of the  gradient.
The  NADH-cytochrome  c reductase  and  G6Pase
activities  are  more  evenly  distributed  after  pro-
longed  phenobarbital-treatment  than  they  are
1.62  0.106  0.066  in  the untreated  rats,  and show  a decrease  at the
1.81  0.116  0.064
,  - ,,  - I,  -,  top.
Phenobarbouitaau  0.03
2.67
0.73
0.80Q
1.08
0.161
0.045
0.044
0.063
0.060
0.062
0.055
0.058
3-DAY-OLD  RATS:  3  days  after  birth,  the
NADPH-cytochrome  c reductase  activity  is  at the
adult  level  (7),  but  because  of  the  increase  in
number  of hepatocytes  there  is  still  a  continuous
and  accentuated  de  novo  synthesis  of  enzyme.
NADH-ferricyanide  reductase  activity  is  below
the  adult  level  but,  in  contrast  to  the  NADH-
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16.1
4.3
2.2
3.3
5.0
4.68
0.85
0.51
0.92
2.00
2.30
0.78
0.47
0.62
0.26
0.29
0.20
0.23
0.28
0.40
0.14
0.18
0.21
0.19
0.05
* Per gradient  (rough microsomes  from  2.3 g liver).
Z.  U  U.  IU U.  UaDFIGURt:s  7-11  Electron Ilicrographs  of the  combined  fractions  from different parts  of the gradient.
FIGulRE  7.  This figure shows the upper  part of the gradient  (fractions  12-17),  prepared  as described  in
Materials  and  Methods.  Predominantly  rough-surfaced  microsonmal  vesicles  with  occasional  contamina-
tion by  smooth vesicles  are seen.  X  60,000.FIGURE  8  Lower  part  of  the  gradient  (fractions  1-11).  The  vesicles  are  considerably  larger  (up  to
350 mit)  than those of the upper fraction shown in Fig. 7. Practically  all vesicles have attached ribosomes.
X  60,000.
267FIGURE  9  Pellet  after  centrifugation  on  the continuous  sucrose  gradient.  The  general  appearance  is
similar to that of the fraction shown in Fig.  8, but the variation in size of vesicles is greater.  X  60,000.
268  TrE:  JOURNAL  OF  CELL  BIOLOGY - VOLUME  38,  1968FIGURE  10  Upper  part of  the gradient  sedimented  in the presence  of 5  InM  of MgCI2.  A  large  number
of free  ribosomes are present  among the vesicles.  X75,000.
FIGURE  11  Lower part of the gradient. The triple-layered  structure  of the menmbranes  is  distinct in the
center and the upper  right part of the  micrograph.  X  175,000.TABLE  IV
Recovery  of  NADH-,  NADPH-Cylochrome Reductase  and G6Pase Activities  after  the
Subfractionation Procedure
Separation  of rough  and  smooth  microsomes  from  fasted  adult  rats  was  per-
formed as described in Materials  and Methods.  The smooth fraction  was  collected
together with the 1.31  M sucrose layer above the rough fraction  (intermediate frac-
tion).  After subfractionation  of rough microsomes on the 0.59-1.02  M sucrose  gra-
dient,  the pellet was resuspended  and  mixed with the rest  of the  gradient  before
enzyme  activities were determined.  The  values are the means  i  sE  of the means of
six  experiments.
Microsomes  G6Pase  NADH-cyt.  c red  NADPH-cyt.  c red
,moles  NADH-oxidized/  moles NADPH oxidized/
moles Pi/20 min/g  liver  min/g liver  min/g  liver
Total  68.1  8.9  18.342.7  0.86-0.07
Smooth  +  interme-  32.8:2.5  6.8±1.3  0.46±0.06
diate  fraction
Rough  30.242.8  8.74-1.1  0.37±0.04
Rough after gradient  27.3±3.8  6.9±1.4  0.36±0.04
centrifugation
Per  cent of  total protein
0  25  50  75  100
NADH - cyt.c red.
a
pellet  1  6
NADPH -cyt. c  red.
b
11  16
pellet  1  6  11  16
I  I  I  l
0  25  50  75  100
cytochrome  c  reductase  activity,  it  is  rapidly  in-
creasing  during  this  period.  The  ferricyanide
reductase  and cytochrome  c reductase  activities  in
3-day-old  rats  exhibit  a  distribution  pattern
(Fig.  17)  similar  to that shown  in previous figures.
Both  enzymes  have  considerably  higher  relative
specific
pellet.
FIGURE  12  Distribution  of  NADH-
(a)  and  NADPH-cyt.c  red.  (b)  ac-
tivities  in  rough  microsomes  from
adult  at. The plot is made  in the man-
ner  adopted  by  de  Duve et  al.  (29).
Relative  protein  content  of  fractions
is shown  on  the abscissa  and  relative
specific activity on the ordinate.
activities  in  the  top  fractions  than  in  the
CYTOCHROME  b5:  The  amount  of  micro-
somal protein present in one fraction  is not enough
to  permit the  investigation  of  several  microsomal
enzymes.  In the  case  of cytochrome  b,  difference
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FIGURE  13  Comparison  of G6Pase  specific  activity  in
rough  microsomes  from  fasted  and  nonfasted  rats.
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cyt.c red.(b),  and G6Pase  (c)  activities in r
somes from a rat treated three times with pl
(8  mg/100  g/day).  Distribution  represe
Fig. 12.
spectroscopy  had  to  be  performed  or
fractions,  as  was  done  for  the  deter
cholesterol.  The  enzyme  is  present
amounts  in  the  rough  microsomes  of
rats than  in those of the adult animal,
- r 
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FIGURE  15  Distribution  of  NADH-(a)  and NADPH-
cyt.c  red.  (b),  and G6Pase (c)  activities in rough micro-
somes  from a rat  treated six  times with  phenobarbital
(8  nrg/100  g/day).  Distribution  represented  as  in
Fig.  12.
lar  heterogeneity  of  distribution  as  described
above  for  the  other  enzymes  is  not  apparent
(Table V).  On  a PLP  basis,  the  amount  of  cyto-
chrome  b5  on  the  upper  or  lower  parts  of  the
gradient  equals  the  amount  present  in the  pellet
of adult,  phenobarbital-treated,  or  newborn  rats.
ENZYME  ACTIVITIES  ON  A  PLP  BASIS:  Frac-
16
tions  similar  to  those  prepared  for  cytochrome  b5
measurement  were  also  used  for  determining  the
d  NADPH-  various enzyme activities  on a PLP basis.  As could
ough  micro-  be  expected  from  the  chemical  measurements,
ienobarbital  enzyme  activities  on  a  PLP  basis  paralleled  the
nted  as  in  activities  on  a  protein  basis,  except  in  the  case  of
top  fractions.  In  the  top  fractions,  the  decreased
PLP/protein  ratio further  accentuated  the  degree
n  collected  of elevation  of the enzyme  activities.
nination  of
in  smaller  Incorporation  of Glycerol-3H and Leucine-1 4C
f 3-day-old  The  rates  of incorporation  of  intraperitoneally
but a simi-  injected  glycerol-
3H  and leucine-
34C  into  the total
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_v .rough  microsomes  are  presented  in  Table  VI.
When  equivalent  amounts  of  glycerol-3H  are
administered  to the three categories of animals  per
100  g  body  weight,  the  specific  activities  are,
surprisingly,  somewhat  lower  in  the  phenobarbi-
tal-treated  rats,  and  about  the  same  in  3-day-old
rats,  in  comparison  with  the  adult  animals.  The
in  vivo  rate  of incorporation  of  leucine-1 4C  into
the total rough  microsomes  is,  on  the  other hand,
higher  in  the  phenobarbital-treated  rats  and
lower  in  the  3-day-old  rats  than  in  the  adult
animals.
The distribution of the incorporated  glycerol-3H
into  the  different  fractions  from  adult  rats  does
not  show  any  heterogeneity  (Fig.  18).  However,
the  pattern  changes  after  three  phenobarbital
injections.  The  decreased  total  incorporation
shown  in  Table  VI  is  mainly  a  reflection  of the
low  specific  activities  around  the  top  of  the  gra-
dient,  where  the  first  increase  in  NADPH-cyto-
chrome  c  reductase  activity  occurs  (Fig.  14).
The  specific  activities  of  the  rough  microsomal
subfractions  from  3-day-old  rats  are  similar  to
those  of comparable  subfractions  from adult rats.
Rough  microsomal  subfractions  from  adult
rats do not display striking differences  with regard
to  the  in  vivo  incorporation  of  leucine-t4C  after
pulse labeling (Fig. 19).  Again, the pattern changes
after  three  phenobarbital  injections,  but,  in  this
case,  in a direction  opposite  to that of glycerol-3H
incorporation.  A  sizeable  increase  in  leucine-1 4C
incorporation  is  localized  t  the  upper  third  of
the gradient.  Both the pellet  and the  top fractions
display  a low  rate  of incorporation  in  the  case  of
6ube nu  mberi
FIGURE  16  Comparison  of  the  NADPH-cyt.c  red.
specific  activity  in rough  microsomes  from control  and
from  phenobarbital-treated  rats.  Phenobarbital  was
given  three  times  (8  mrg/100  mg/day)  and  six  times
(8  mrg/100  mg/day).
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FIGIIE  17  Distritutiol  of  NADH  ferricyanide  ed.
(a)  and  NADPH-cyt.c  ed.  (b)  activities  i  ough
nlicrosomes  from  -day-old  rat.  Distribution  repre-
sented  as in Fig.  1.
the  3-day-old  rats.  As  regards  the  top  fractions
from  newborn  rat  liver,  it  should  be  borne  in
mind  that  in  this  part  of  the  gradient  a  large
part  of  the  protein  is  associated  with  free  ribo-
somes,  which  are  known  to  show low  in  vivo  in-
corporation  of labeled  amino  acids  (32).
The  in  vivo  incorporation  of  leucine-'
4C  by
the rough  microsomes  8  min  after  pulse  labeling
occurs to a large  extent into the newly synthesized
plasma  proteins  (33).  Synthesis  of  plasma  pro-
teins  has  been  shown  to  be  low  in  newborn  rats
(34,  35).  The  questions,  therefore,  arise  as  to
whether  the  high  labeling  in  the  phenobarbital-
treated  rat  and  the  low  incorporation  in  the
newborn rat are merely a reflection  of a difference
in  the  rate  of  plasma  protein  synthesis,  and
whether  independent  incorporation  into  mem-
brane  components  is  masked  by  this  process.
Rough  microsomal  membranes  free  from  ribo-
somes,  adsorbed  protein,  and vesicle  content  from
adult,  phenobarbital-treated,  and  newborn  rats
were  prepared  by the  procedure  of  Ernster  et  al.
(12)  (Table  VII).  Membrane  components  from
both  phenobarbital-treated  and  newborn  rats
exhibit  a higher  radioactivity  than  proteins  from
the  adult  rat.  Unfortunately,  the  high  amount
of  microsomal  protein  necessary  for  this  type  of
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Distribution of Cytochrome  b  in
Rough Microsomes
Each  value  is  the  average  of  five  experi-
ments  in the  case  of adult  and phenobarbital-
treated  rats,  and  of  three  experiments  in  3-
day-old rats.
Microsomes  Cytochrome  b,
A E24 410 m/rng PLP
Adult,  total  0.15
Pellet  0.15
Fractions  1-11  0.15
Fractions  12  17  0.14
Phenobarbital-treated,  total  0.18
(3  X  8  mg/1
00  g)
Pellet  0.17
Fractions  1-11  0.19
Fractions  12  17  0.20
3-day-old,  total  0.08
Pellet  0.07
Fractions  1-11  0.09
Fractions  12-17  0.08
TABLE  VI
Incorporation of Glycerol-3H and Leucine-14C into
Total Rough Microsomes
The in  vivo incorporation  time  was  10  min
in  the  case  of  glycerol-3H,  and  8  min  for
leucine-
14C.  The  values  are  the  means  sE
of the  means  of nine experiments.
Rat  Glycerol-aH  Leucine-14C
cpm/g  P  cpm/mg  protein
Adult  120  - (7.2)  290  - (20.5)
Phenobarbi-  91  (11.0)  340  - (22.1)
tal-treated
(3  X  8  mg/
100  g)
3-day-old  125  - (6.5)  239  - (13.4)
preparation  does  not  permit  analysis  of  the  in-
dividual subfractions.
The heterogeneity  of enzyme distribution  raised
the  possibility  that  the  function  of  attached
ribosomes  and  the  mode  of  attachment  are  not
identical  in  rough  membranes  from  different
parts  of the gradient.  According  to  Sabatini et  al.
(36),  EDTA  above  a  certain  concentration  de-
taches  all  of the  small,  but only  50%  of the large,
subunits of membrane-bound  ribosomes.  Only the
EDTA-resistant  subunits  were  considered  to
originate  from  ribosomes  exhibiting  high  amino
acid  incorporation  in  vivo.  The  collected  frac-
tions  of  the  gradient  were  treated  according  to
the  procedure  of Sabatini  et  al.  The  sedimenta-
tion properties  of the rough microsomes,  however,
are  greatly  influenced  by  small  amounts  of  cat-
ions,  and,  therefore,  the  whole  subfractionation
procedure  had to be performed  in ion-free sucrose,
as  described  in  Materials  and  Methods.  Under
these  conditions,  a  virtually  complete  detach-
ment  of  bound  ribosomes  occurs  in  all  subfrac-
tions during EDTA  treatment.
Fasting  and Feeding
All  experiments  were  performed  in  routine
manner on both fasted  and  fed  rats.  In  reviewing
the  results  of more  than  200  experiments,  it  was
quite  clear  that  rough  microsomes  from  fasted
rats  always  give  consistent  results,  which  is  not
the  case  in  fed  animals.  It  is  most  probably  the
presence of glycogen that causes the highly variable
protein  recovery  and  enzyme  distribution  in  the
different  fractions.  Thus, part of the  top fractions
may  sediment  to  the  lower  regions  or  to  the
pellet. For this  reason,  the experiment  in  Fig.  13
is  not  always  reproducible,  but  it  was  chosen
because  the  protein  distribution  on  the  density
gradient  was  found  to be  identical  in  fasted  and
nonfasted  rats.
Osmotic Space
The  total  microsomes  have  both  sucrose  and
osmotic  spaces,  and  these  spaces  may  influence
the  sedimentation  properties  of  the  microsomal
vesicles  (37-39).  The  measurement  of  sucrose
and  osmotic  spaces  was  attempted  by  following
the  procedures  described  by  Beaufay  et  al.  (40).
Gradients  composed  of  glycogen  in  the  presence
of sucrose,  however,  were  unsuitable.  In  order  to
obtain  equilibrium  with  microsomal  vesicles,  a
centrifugation  of  16 hr  (at  58,000 g in  an  SW  25
rotor  Spinco  L  centrifuge)  is  necessary.  Centri-
fugation  under these  conditions  results  in  such  an
excessive  distortion  of  the  gradient  that  this
method cannot be used. Different types of glycogen
and  various  glycogen-purifying  procedures  also
gave  negative  results.
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FIGURE  18  Incorporation  of glycerol-3H  into total lipids of rough microsomes  from  (a) adult,  (b)  pheno-
barbital-treated  (3 X  8 mg/100  g/day), and (c) 8-day-old  rats. The in vivo incorporation  time was 10 min.
The width of the column  indicates  the number  of fractions  used for  assay.
13
.G  400-
U 200-
a
Adutt
P  1 11  16
b
-a-hah+>  yotinno
Tube number
C
3- day- old
H
P  1 16
FIGusE  19  Incorporation  of  leucine-14C  into  proteins  of  rough  microsomes  from  (a) adult,  (b) pheno-
barbital-treated  (3  X 8  mg/100 g/day), and  (c) 3-day-old rats. The in vivo incorporation time was 8 min.
As  indicated  by the width  of the columns,  two  or more fractions  were combined  at the lower part of the
gradient.
DISCUSSION
The  results  obtained  indicate  that  the  rough
microsomes  are  remarkably  heterogeneous.  The
three  enzyme  activities  studies  are  not  evenly
distributed.  On  the  other  hand,  the  cytochrome
b5  content shows  a homogeneous  distribution.  As-
suming  the  NADH-cytochrome  c reductase  (and
NADH-ferricyanide  reductase)  activity  to  be  di-
rectly proportional  to the amount of enzyme pres-
ent,  the  variable  ratio  between  the  amount  of
cytochrome  b5  and the amount  of flavoproteins  is
surprising  since  the  two  enzymes  are  believed  to
participate  in  a  common  electron-transport  se-
quence  (41).  On  the other  hand,  components  of
the mitochondrial  electron-transport system do not
show  a  stoichiometric  relationship  (42,  43).  In
addition,  a  possible  multiple  function  for  cyto-
chrome  b5  cannot  be  excluded.  The  uneven  dis-
tribution  of  individual  enzymes  as  well  as  the
variations  in  stoichiometry  of  the  components
participating  in  the NADH  oxidase  system  gives
striking  evidence  of the  heterogeneous  nature  of
rough microsomal membranes.
The  reason  for  the  heterogeneity  can  be  at
least twofold.
(a) There  may be whole sections  of a membrane
which exist for a specific  purpose, or, alternatively,
the  membranes  may  have  a  mosaic  structure  in
which  multienzyme  complexes  are  distributed
unevenly.  In  both  cases,  separate  units would  be
synthesized  de  novo  for  a  limited  function,  such
as  detoxication,  lipid  catabolism,  or  glycogen
breakdown.  The  enzyme  distribution  in  the  top
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Incorporation  of  Leucine-
t 4C  into  Total  Rough
Microsomal Membranes
The  incorporation  time  in  vivo  was  30
min.  Microsomal  membranes  were  prepared
according  to  Ernster  et  al.  (12).  The  values
are  the  averages  of three  (adult  and  pheno-
barbital-treated  rats)  or  two  (3-day-old  rats)
experiments.
Rat  Leucine-14C
pm/mlg  protein
Adult  446
Phenobarbital-treated  (3  X  8  580
mg/100 g)
3-day-old  613
fractions  after  six  phenobarbital  administrations
favors  such  a hypothesis.
(b)  Units  containing  newly  synthesized  mem-
brane  and  enzyme  components  develop  into  a
membrane  with  altered  characteristics.  In  this
case,  the top fractions might represent  the younger
and  the  pellet  the  relatively  older  membranes.
An  answer  to  these  and  other  alternatives  can
be  given  only  after  detailed  turnover  and  half-
life  studies  of  various  membrane  components.
If the membranes  are  composed  of heterogeneous
pieces,  the preparation  of submicrosomal particles,
similar  to  mitochondrial  subfractionation,  may
give structures exhibiting enrichment  with respect
to certain enzymes  or enzyme  systems.
The  electron  micrographs  indicate  that  the
number  of ribosomes  per  unit  area  is  somewhat
lower  on  vesicles  derived  from  the  top  of  the
gradient  than  on  those  from  the lower  fractions.
This  difference  may  influence  the  sedimentation
velocity  during  fractionation.  The  variation  in
ribosome  content  found  after  subfractionation,
however,  does  not necessarily  reflect  a condition
existing  in situ,  since  a certain degree  of ribosome
loss  in  the  Mg2+-free  sucrose  media  employed
cannot  be  avoided.  Because  of the similarities  in
enzymic  pattern  of the  smooth  and  rough  mem-
branes,  it  would  be  difficult  to  recognize  the
possible  presence  of  smooth  membrane  patches
within  the  rough  compartment.  On  the  other
hand,  if such  a heterogeneity  existed  to  any  ap-
preciable  extent  in  the  upper  fractions,  the  cho-
lesterol/PLP  ratio  would  be  altered,  since  this
ratio  is  higher  in  the  smooth  microsomes  than  in
the  rough  counterpart.  Chemical  analyses  re-
vealed no such  differences.
As  regards  membrane  biogenesis,  the  results
seem to support  the multistep  hypothesis recently
advanced  by  Siekevitz  and Palade  (7,  44).  Newly
synthesized  G6Pase  from  fasted  rats  and  two
electron-transport  enzymes from newborn  animals
appear  in the top fractions.  In the latter,  glycerol-
3H  incorporation  into  PLP  is  comparable  with
that  in  the  adult,  whereas  the  leucine-' 4C  in-
corporation  into  membrane  protein  is  increased.
In  the  phenobarbital-treated  rat,  increased
NADPH-cytochrome  c reductase activity  is paral-
leled  by  a decrease  in  the  other two  enzyme  ac-
tivities  and  by  decreased  glycerol-3H  and  in-
creased  leucine-l4C  incorporations,  whereas  the
content  of  cytochrome  b 5 remains  unchanged.
These data, without half-life studies, give no direct
clue  to  membrane  biogenesis,  but  they  suggest  a
dynamic  and individual behavior  of several  mem-
brane  components,  particularly  in  the  slowly
sedimenting  fraction  of  the  rough  microsomal
membranes.  This  conclusion  is  also  in  agreement
with the findings  of Omura et  al. (44).
The  high  2p  incorporation  into  total  micro-
somes,  and  into  all  the  individual  phosphatides
and  microsomal  subfractions  (45),  is  in  con-
trast  to  the  low  glycerol-3H  incorporation,  in
the  phenobarbital-treated  rat.  A  stimulation  of
3 2P exchange  by  the  drug might  be  one explana-
tion.
The  mechanism  behind  the  separation  can  be
explained  in several ways:
(a)  a  high  protein  content  in  the  lumen  of
certain  vesicles  may  increase  the  density  ap-
preciably;
(b)  there  may  be  aggregation  of  the  vesicles
appearing  in  the lower part of the gradient  or  in
the pellet;
(c) the differences  observed are related to physi-
cochemical  variations existing among membranes,
e.g.  differences in the osmotic  space, sucrose space,
and hydration;
(d)  breakage  during homogenization  might re-
sult in membrane fragments that are characterized
by  a  certain  size  and  density,  depending  upon
their  origin.
Since  the  PLP/protein  ratios,  except  in  the
case  of the  top  fraction  which  contains  a  large
amount  of free  riboscmes,  are  almost  identical,
the  presence  of an  excess  of luminal  albumin  in
the faster moving fractions  is unlikely.  An estima-
tion of the maximum radii from the observed sedi-
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that aggregation  is a major factor in the separation
procedure.  However,  the  original  state  of  the
microsomal  vesicles  recovered  in  the  pellet  re-
mains obscure.  No doubt  the results obtained  may
be  ascribed  to  such  factors  as  the  differences  in
permeability  to  sucrose  and  water  which  exist
among  the  vesicle  fractions,  and  probably  also
to the differences  in the original  size of the vesicles.
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